The genus Flavivirus in the family Flaviviridae consists of 53 recognized virus species that are enveloped, positive-sense single-stranded RNA viruses. The virion consists of three structural proteins: capsid (C), membrane (M), and envelope (E). In addition, seven nonstructural proteins are present in infected cells (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Based on their antigenic properties and vector associations, flaviviruses have been grouped into mosquito-borne, tickborne, and no-known-vector viruses and have been isolated from vertebrates, bats, and rodents (15, 25) . The grouping of flaviviruses according to their transmission mode is strongly supported by phylogenetic analyses of their genomic sequences (9, 18, 31) .
Mosquito-borne flaviviruses are a large and divergent group of viruses that can be differentiated phylogenetically into those associated either with encephalitic disease and transmission by Culex spp. mosquitoes or with diseases with hemorrhagic complications and transmission by Aedes spp. (18) . Seven groups of mosquito-borne flaviviruses, namely, the Aroa, dengue, Japanese encephalitis, Kokobera, Ntaya, Spondweni, and yellow fever virus groups are recognized (15, 25) . These groups include important animal and human pathogens such as dengue virus (DENV), West Nile virus (WNV), Japanese encephalitis virus (JEV), and yellow fever virus (YFV).
Unclassified insect flaviviruses that have no recognized association with vertebrates have been isolated from a variety of mosquito species and also from mosquito cell lines. These insect flaviviruses do not appear to infect vertebrate cells and are not associated with human or animal disease. The cell fusing agent virus (CFAV), a tentative species in the genus Flavivirus, was the first of these insect viruses to be characterized (5, 40) , Although CFAV was originally identified in cultured mosquito cells, it was later isolated from mosquitoes collected in Puerto Rico (7) . This as-yet-unclassified insect flavivirus group now also includes Kamiti river virus (KRV) isolated in Kenya (10, 38) and a virus isolated from Culex spp. in Japan, designated culex flavivirus (22) . In addition, related viral sequences or isolates have been recently reported from mosquitoes in Spain (1), the United States and Trinidad (26) , and Mexico (14) . Moreover, the identification of flaviviruslike sequences integrated within the genomes of Aedes mosquitoes further complicates the evolutionary history of the flaviviruses. These sequences, currently referred to as cell silent agent are genetically most closely related to CFAV and possibly share common evolutionary origin (11) . Phylogenetically, the insect viruses form a divergent outgroup that may represent a primordial flavivirus lineage. Apart from the insect flaviviruses, the other recently discovered novel flaviviruses represent highly divergent lineages, such as Tamana bat virus (13) , and Ngoye virus (20) . Recently, a novel flavivirus, Nounané virus (NOUV) was isolated from a novel mosquito vector species, Uranotaenia mashonaensis in Côte d'Ivoire (23) , and was shown to be phylogenetically related to the human pathogenic mosquito-borne flaviviruses.
Several arboviruses have been reported from Northern Europe including the flavivirus tick-borne encephalitis virus (24, 36) but, to date, no mosquito-borne flaviviruses have been isolated. Our aim was to screen for arboviruses in Finland by studying mosquitoes using virus isolation and subsequent arbovirus antigen detection, which resulted in the identification of a novel flavivirus. We present here the isolation and characterization of this isolate, designated Lammi virus (LAMV), and discuss the implications of our findings.
MATERIALS AND METHODS
Mosquito collection and virus isolation. Mosquitoes (Diptera; Culicidae) were collected in 2004 using hand nets in July at Konnevesi Research Station (N62°3 7Ј, E026°21Ј) in Central Finland (n Ϸ 2,000) and in August at Lammi Biological Station (N61°04Ј, E25°08Ј) in Southern Finland (n Ϸ 1,200). The mosquitoes were frozen briefly at Ϫ20°C, sealed individually in tubes, and transported on dry ice to storage at Ϫ70°C. In addition, mosquito larvae were collected from both sites (total n Ϸ 700). The larvae were allowed to hatch in the laboratory prior to processing. Individual mosquitoes were homogenized in 100 l of Dulbecco phosphate-buffered saline (PBS) containing 0.2% bovine serum albumin and antibiotics (100 IU of penicillin/ml and 100 g of streptomycin/ml) using sterile sand. Aliquots of 50 l from approximately 24 individual mosquito homogenates were combined to form a pool. The pools were filtered through syringe-driven 0.45-m-pore-size filters prior to inoculation of cells. The virus isolations were carried out in 25-cm 2 bottles using cultured mosquito (Aedes albopictus C6/36, ATCC CRL-1660) and mammalian (Vero E6, ATCC CRL-1586) cells. The C6/36 cells were maintained in Leibovitch L-15 medium supplemented with 2% heat-inactivated fetal calf serum, glutamine, 100 IU of penicillin/ml, and 100 g of streptomycin/ml at 27°C, and the Vero E6 cells were maintained in minimal essential medium supplemented with 2% fetal calf serum, glutamine, and antibiotics at 37°C in 5% CO 2 . Freshly confluent monolayers of both cell lines were rinsed with PBS prior to infecting with 200 l of mosquito pool filtrates for 1 h. After the incubation, fresh medium was added. The cells were observed for cytopathic effects (CPE), and the cells and supernatant media were harvested when disruption of ca. 50% of the monolayer was observed. If no CPE were observed, the cells were harvested after 14 days and studied by immunofluorescence assay (IFA). The supernatant media were stored at Ϫ70°C for further studies.
IFA. The cells from virus isolation experiments were washed twice in PBS and then dried on 10-well microscope slides, fixed in cold acetone for 7 min, and stored at Ϫ70°C until used. IFA screening of the slides was performed with flavivirus and Sindbis virus (family Togaviridae; genus Alphavirus) immunoglobulin G (IgG)-positive human sera and mouse polyclonal antibodies against Californian serogroup viruses (family Bunyaviridae; genus Orthobunyavirus). Additional tests were performed using the pan-flavivirus group, E-protein-specific monoclonal antibodies HB-112 (21) and 813 (19) . All appropriately diluted antibodies were incubated on the IFA test slides for 1 h at 37°C, washed three times in PBS, and washed once in distilled water prior to incubation with appropriate fluorescein isothiocyanate-labeled secondary antibodies (Jackson Immunoresearch/Dako) for 30 min. After incubation with the secondary antibodies the slides were washed as described above, and the cells were examined for the presence of fluorescent antigen by using a fluorescence microscope.
HI test. The ability of LAMV to agglutinate goose erythrocytes was tested directly on Tween/ether-inactivated supernatant medium obtained from infected and control uninfected C6/36 cell monolayers. Once it had been established that LAMV did agglutinate goose erythrocytes, different pH were tested for finding the optimal conditions for hemagglutination inhibition (HI) tests. The antigen was then subjected to HI tests using the sera of patients known to have immunity to tick-borne encephalitis virus (TBEV), DENV, or WNV at pH 6.0 according to standard protocols (6) .
In vitro culture of LAMV. Primary chicken embryo fibroblasts and cultured cells of different mammalian species including human (SH-SY5Y, HEK293, and HeLa), mouse (Neuro 2A), hamster (BHK-21), porcine (PK-15), and monkey (Vero and Vero E6) cells were infected with the LAMV isolate, incubated at 37°C, and observed for the appearance of CPE. The presence of LAMV antigen in the infected cells was analyzed with flavivirus IgG-positive human sera by IFA on days 7 and 14 postinfection.
Virus amplification in mice. The supernatant medium obtained from C6/36 cells infected with LAMV, and the original filtered homogenates from the positive mosquito pool were used in an attempt to infect 2-to 3 day-old NMRI mice intracerebrally. The mice were observed for signs of disease and sacrificed on day 14 of the experiment. These animal experiments were carried out according to the animal experiment regulations of the University of Helsinki under the license ESLH-2006-03286/Ym-23 (STU 466 A). The RNA was extracted from the brain tissues by using TriPure Isolation Reagent (Roche Applied Science) according to manufacturer's instructions and studied for the presence of LAMV RNA by using a partial NS5 gene-amplifying PCR (39) .
Ultracentrifugation and electron microscopy. To obtain concentrated virus material for further analysis, confluent C6/36 cells were infected with LAMV for 7 days at room temperature. Supernatant media were collected, filtered through a 0.22-m-pore-size filter, and ultracentrifuged at 28,000 rpm for 3 h and 45 min at 4°C using an SW28 rotor. The sedimented pellets were dissolved overnight in TEN buffer (0.05 M Tris-HCl, 0.001 M EDTA [pH 7.5]) at 4°C. Electron microscopy (EM) was performed on the sedimented virus mounted on copper grids after negative staining with 2% KPTA (tungstophosphoric acid, with the pH adjusted to 6.0 with potassium hydroxide) using a JEOL JEM-1400 transmission electron microscope.
Genome amplification and sequencing. The genomic RNA was extracted from the supernatant medium of infected cells or from sedimented virus by using the QIAamp viral RNA minikit (Qiagen) according to the manufacturer's instructions. Complete open reading frame amplification and sequencing was initiated using published oligonucleotides targeted to conserved areas of the flavivirus genome (2, 17, 29, 39) . Based on the sequences obtained, new LAMV-specific primers were designed and used to produce overlapping amplicons for the assembly of the complete open reading frame sequence. The oligonucleotides used in the amplification and sequencing of the complete genome are available upon request. Reverse transcription (RT) reactions were performed using Expand reverse transcriptase (Roche Applied Science) and gene-specific primers or random hexamers according to the manufacturer's instructions. The PCRs were performed using Taq DNA polymerase (Fermentas) and Taq Extender (Promega) using standard PCR protocols, with extension times varying from 1 to 3 min depending on the amplicon size. The RT-PCR products were cleaved from agarose gels when necessary and either sequenced directly using gene-specific forward and reverse primers or first cloned into pGEM-T vector (Promega) for sequencing.
Sequence alignments and phylogenetic analysis. The nucleotide sequences were translated into amino acid sequences by using ExPASy translate tool (available online at http://ca.expasy.org/tools/dna.html). The LAMV nucleotide sequences were aligned with other flavivirus sequences from the GenBank (see the supplemental table [http://www.hi.helsinki.fi/zoonoosivirukset/files /SupplementaryTableJVI.pdf]) using CLUSTAL W2 (http://www.ebi.ac.uk/Tools /clustalw2). The phylogenetic trees were estimated with the neighbor-joining method by using the Kimura two-parameter analysis on MEGA3 software version 3.1 (27) .
Bioinformatic tools used in analysis of LAMV proteins. The LAMV polyprotein signalase cleavage sites were predicted by using SignalIP 3.0 (http://www.cbs .dtu.dk/services/SignalP/). Polyprotein amino acid hydropathy plots were estimated by using the Kyte and Doolittle method (http://www.expasy.org/cgi-bin /protscale.pl). The NetNGlyc 1.0 server was used in predicting potential N-glycosylation sites on LAMV glycoproteins (http://www.cbs.dtu.dk/services /NetNGlyc/).
Mosquito species identification using PCR. The virus isolation positive mosquito homogenate pool was derived from 24 homogenates of individual mosquitoes. Total nucleic acids were extracted from the remaining individual homogenates with EZ-Biorobot by using the EZ1 virus minikit (Qiagen) and studied for the presence of viral RNA by using a real-time one step RT-PCR method (35) . For identifying the mosquito species, the mosquito mitochondrial cytochrome c oxidase subunit I gene sequences were amplified by using the primer pairs UEA3 (34)/FLY10 (37) and LCO/HCO2198 (16) according to standard PCR protocols and directly sequenced.
RESULTS
Virus isolation and viral antigen screening by IFA. Approximately 3,900 mosquitoes collected in 2004 at two locations in Finland were studied for the presence of arboviruses by virus isolation procedures using mosquito C6/36 and mammalian Vero E6 cells. When we screened the infected cells using IFA with a panel of antibodies to arboviruses, one of the C6/36 cell cultures was determined to be positive for flavivirus antigen using an IgG-positive human serum. Flavivirus genus E-protein specific monoclonal antibodies were also positive in IFA, confirming that the isolate was a member of the genus Flavivirus. isolation trials in the present study were positive for alpha-or orthobunyavirus antigen in the IFA. HI. Tween/ether-inactivated extracts from the supernatant medium of infected C6/36 cells agglutinated goose erythrocytes at pH 6.0, and the prepared LAMV HA antigen was positive in HI tests with human sera from other flavivirus infections (DENV, WNV, and TBEV) demonstrating antigenic crossreactivity.
In vitro culture of LAMV. LAMV infection caused a CPE in infected C6/36 cells 3 days postinfection. The C6/36 mosquito-cell cultured LAMV was not found to infect any of the tested mammalian cells or chicken embryo fibroblasts, as demonstrated by the failure of LAMV to induce CPE or to produce viral antigen when tested with flavivirus antibodies by IFA.
Virus amplification in mice. The intracerebrally administered LAMV produced no signs of disease, and LAMV RNA could not be detected in the brains of newborn mice, suggesting that no virus replication occurred in the inoculated animals.
EM. The sedimented LAMV appeared under EM as flaviviruslike spherical enveloped virions ϳ50 nm in diameter (Fig. 1) .
Sequence analysis. The complete coding sequence of LAMV was determined and found to contain a single open reading frame of 10,302 nucleotides in length (GenBank accession no. FJ606789) encoding a polyprotein of 3,434 amino acids. Conserved domains were detected for the three flavivirus structural proteins and seven nonstructural proteins, including the functional domains NTPase/helicase, serine protease, and RNA-dependent RNA polymerase. The genomic sequence of LAMV was found to be divergent from any of the previously known flaviviruses (Table 1) viruses and some members of Aedes sp.-associated viruses. The most conserved LAMV proteins were NS3 and NS5 sharing over 50% identity with other mosquito-borne flaviviruses. In the compared sequences, the highest polyprotein sequence identities were observed between LAMV and St. Louis encephalitis virus (SLEV) (50.5%) and in nucleotide sequences of the coding region between LAMV and NOUV (54.7%), followed by LAMV and SLEV (54.3%).
Despite the low sequence homology, the hydropathy profile (data not shown) and the putative polyprotein cleavage sites (Table 2) (2, 10, 13, 23, 29, 30, 33 ) of the LAMV polyprotein sequence were found to resemble those of other mosquitoborne flaviviruses. The putative cleavage sites in virC/CTHD, preM/M, NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/NS5 followed the rule of occurring after two basic residues (R or K) and being preceded by short side chain residue (G or S) that are probably cleaved by viral serine protease and furin. However, the predicted cleavage site between NS4A/2K (EPGSQ/ RSVQD) did not fit this rule but was similar to that of SLEV (EPEKQ/RSQTD). The predicted host signalase cleavage sites resembled those reported for other mosquito-borne flaviviruses, especially in the cleavage site of M/E, where the preceding residues (PAYS) were identical in LAMV to those of other mosquito-borne flaviviruses. The flaviviral conserved cysteine residues-6 in the preM, 12 in the NS1, and 12 in the E protein ( Fig. 2) (15) -were also present in LAMV proteins. Two potential N-glycosylation sites were found in the LAMV preM protein, interestingly resembling those of the YFV group showed that LAMV represents a distinct lineage positioned among the Aedes spp. transmitted mosquito-borne viruses. The conservation in the nucleotide sequence was highest in the NS3 and NS5 genes, and the analyses showed a similar result for the position of LAMV in the phylogenetic trees (data not shown). When the newly discovered NOUV was included to the analysis, it was shown to form a sister lineage with LAMV. The results of the sequence analysis of the complete coding sequence (Fig. 3A) and NS3 gene (Fig. 3B) suggest that YFV group diverged before the NOUV and LAMV lineages that preceded the rest of the mosquito-borne viruses including the dengue, Ntaya, and Kokobera groups and all of the Culex sp.-associated viruses.
Mosquito identification using PCR. From the geographical origin of the LAMV isolate mosquitoes, altogether 1,200 individuals were collected and studied. By studying separately the 24 individual mosquito homogenates comprising the virus isolation positive pool for the presence of viral RNA, the source of LAMV was identified as a single infected mosquito. The identification of the mosquito species was not obtained before the homogenization took place. The genetic identification of mosquito species based on mitochondrial cytochrome c oxidase 1 (CO1) DNA sequences have proven suitable and a useful method for studying the vectors of arboviruses (8, 12) . For identification of the mosquito species carrying LAMV, a partial CO1 sequence was amplified and compared to available sequences in GenBank and the Barcode of Life Data Systems (BOLD) CO1-based species identification database (available at www.barcodinglife.org). Unfortunately, no sequences from Northern European mosquitoes were available for comparison. However, highly similar sequences were found, suggesting that the mosquito species was Aedes cinereus. The obtained CO1 sequence of 1,324 bp (FJ805239) was longer than the sequences yielding the highest identity percentage. The sequence was found 99% identical in the alignable region of (652 bp) to the single available A. cinereus CO1 sequence in the GenBank (AF253027), originating from France. In addition, from an alignable region of 568 bp, it was found to be 94.75 to 95.57% identical to the four available A. cinereus sequences from Canada in the BOLD database. The data available on Finnish mosquitoes lists 38 species, including 25 Aedes species. Except for the northernmost regions, A. cinereus has been detected throughout Finland and is known to be an anthropophilic species (41) .
DISCUSSION
We report here the first mosquito-borne member of the genus Flavivirus from Northern Europe, LAMV, and show that this novel flavivirus is genetically divergent from other flaviviruses and yet related to the human pathogenic mosquito-borne flaviviruses of the tropics. LAMV was isolated from a mosquito, which was shown to be most likely A. cinereus, a known anthropophilic mosquito species. In Finland, the previously known endemic mosquito-borne arboviruses include members of the virus genera Alphavirus (Sindbis virus) (32) and Orthobunyavirus (Inkoo virus) (3). Like LAMV, these viruses are genetically related to viruses found from other continents, since Inkoo virus was found to be related to orthobunyaviruses in North America (42) , and the Finnish Sindbis virus isolates were found to be related to the African strains (32) . The previously known mosquito-borne flaviviruses in Europe, WNV and Usutu virus, originated in tropical Africa but, unlike LAMV, have been associated with ornithophilic mosquito species and migratory birds.
The phylogenetic analysis has shown the grouping of the mosquito-borne flaviviruses to separate the mainly Aedestransmitted YFV group from the rest of the mosquito-borne flaviviruses, which include Aedes-transmitted viruses related to DENV and the large group of Culex-transmitted viruses. The recently described novel flavivirus NOUV from Africa along with LAMV from Northern Europe are phylogenetically positioned between the YFV group and the rest of the recognized mosquito-borne flaviviruses. LAMV and NOUV are highly divergent from each other in their genomic sequences, with less than 50% homology in the protein sequence and less than 55% in the nucleotide sequences. Based on the phylogenetic analysis, they form long branches, suggesting that they represent separate virus species or lineages. However, NOUV and LAMV seem to share the property of infecting only or at least primarily mosquito cells. In the present study, LAMV was not found to infect any of the tested mammalian cells, chicken embryo fibroblasts, or newborn mice. The flavivirus in vitro replication properties correlate well with their host range (28) , and the restricted ability to replicate only in insect cells is a recognized property of the tentatively classified insect flaviviruses. The determination of in vitro and in vivo culture prop- erties of LAMV merits further experiments as most antigenically cross-reactive flaviviruses can be cultured in mouse brain and/or a variety of vertebrate cells. The observed lack of ability of LAMV to infect vertebrate cells appears to be contradictory versus its phylogenetic position among the mosquito-borne viruses that are generally associated with vertebrate hosts. A similar contradiction also appears to apply for the recently characterized NOUV (23) . The observed biological properties and phylogenetic position differ also in the no-known-vector flaviviruses Entebbe bat virus (ENTV), Sokuluk virus (SOKV), and Yokose virus (YOKV), since they have no currently known arthropod vectors but group phylogenetically with the mosquito-borne viruses (31) . This has been explained in evolutionary terms by secondary loss of transmission through vectors (9) . Using a similar argument, LAMV could have lost the capacity to replicate in vertebrate cells. However, more exhaustive studies will be required before the ability of LAMV to infect vertebrate cells can be ruled out. The infectivity and possible human or veterinary disease associations of LAMV also remain to be investigated.
Currently, studies for evidence of possible vertebrate hosts of LAMV using human and wildlife sera are ongoing. In addition, mosquitoes collected at various sites are being studied to determine the distribution of LAMV in Finland. In Northern Europe, prior to our report, the only flaviviruses known to be endemic were TBEV and louping ill viruses (24) , and although no mosquito-borne flaviviruses have previously been isolated, serological evidence of WNV and Usutu virus circulation, e.g., in the United Kingdom, has been reported (4). During the past few years our knowledge of the spectrum of flaviviruses has widened as new species in the genus Flavivirus have been isolated and characterized. These findings, together with this report characterizing the first mosquito-borne flavivirus from Northern Europe, show that much still remains to be learned of the variety and evolutionary history of flaviviruses.
